Abstract: A three-dimensional (3D) computational fluid dynamic simulation of a vortex tube is carried out to examine its flow and thermal characteristics. The aim of this work is to model the performance of the vortex tube and to capture the highly swirling compressible flow behavior inside the tube for an understanding of the well known temperature separation process. Simulations were carried out using the standard k-ε, k-omega, RNG k-ε and swirl RNG k-ε turbulence models. An experimental setup was built and tested to validate the simulation results. The RNG k-ε turbulence model yielded better agreement between the numerical predictions and experimental data. This model captured well the essential features of the flow including formation of the outer vortex and the inner reverse vortex flow. Flow and geometric parameters that affect the flow behavior and energy separation are studied numerically. Effects of the inlet pressure, with and without an insert in the tube, are examined by numerical experiments.
Introduction
Vortex or swirl flows are of considerable practical interest because of their frequent occurrence in industrial applications, such as furnaces, gas turbines, combustors and dust collectors. The vortex tube is a simple device with no moving parts that is capable of separating a high pressure flow into two lower pressure flows of different temperatures one cooler than the inlet fluid temperature and the other hotter. Despite the simplicity of the vortex tube, the energy phenomenon causing separation into cooler and hotter gas streams is quite complex and not yet fully understood.
Recent efforts have utilized computational fluid dynamic (CFD) modeling to explain the fundamental principle behind the energy separation generated within the vortex tube. A CFD simulation of a strongly swirling flow using a modified k-ε turbulence model to investigate the flow characteristics and energy separation effect in the vortex tube was carried out by Liu et al. [1] . They simulated the energy separation effect; the numerical solutions agreed well with their experiments. Eiamsaard and Promovonge [2] applied the algebraic Reynolds stress model (ASM) to simulate flow in a vortex tube and found that ASM results in better predictions compared with the k-ε model. Vortex tube modeling was carried out by Behera et al. [3] using the commercial Star-CD code using the renormalization group (RNG) version of the k-ε model. They investigated the effect of different types and number of nozzles on energy separation in a counter-flow vortex tube using CFD modeling and experiments. Aljuwayhel et al. [4] studied the energy separation mechanism and flow phenomena in a counter-flow vortex tube using Fluent code using both the standard k-ε and the RNG k-ε models. This is contrary to the results of Skye et al. [5] , who claimed that the standard k-ε model performs better than the RNG k-ε model although both used the same commercial CFD code. Secchiaroli et al. [6] presented a numerical simulation analysis of the internal flow in a commercial model of a Ranque-Hilsch vortex tube (RHVT) operating in jet impingement. Simulation of the turbulent, compressible, high swirling flow was performed by both RANS and LES techniques. Comparison of the results between RANS simulations were performed on both a traditional radial hot outlet computational domain and one with an axial hot outlet. They demonstrated that the better agreement was found in RANS simulations.
A mathematical model for simulation of thermal separation in a Ranque-Hilsch vortex tube was carried out by Eiamsaard and Promovonge [7] . A staggered finite volume approach using the standard k-ε turbulence model and an algebraic stress model (ASM) was employed. Their computations showed good agreement of the algebraic stress model (ASM) predictions with their experimental results. A computational fluid dynamic model was used to predict the species and temperature separation within a counter flow Ranque-Hilsch vortex tube by Farouk et al. [8] . The large eddy simulation (LES) technique was employed for predicting the gas flow and temperature fields and the species mass fractions (nitrogen and helium) in the vortex tube. They observed large temperature separation while only minimal gas separation occurred due to diffusion effects.
The fundamental mechanism of energy separation has been well documented by several investigators. However, due to lack of reliable measurements of internal temperature and velocity distributions, there is still need for more effort to uncover the real flow phenomena in a vortex tube. A 3D simulation is clearly the best option to capture well the complex flow phenomena in the vortex tube. Literature results revealed that only a few investigators have worked on 3D simulation of vortex tube. This work was undertaken to fill a gap in our knowledge of the 3D flow in a vortex tube and obtain experimental data for validation. However, due to complexities encountered only limited data could be obtained.
This study was motivated by our recent development of a novel atmospheric freeze drying apparatus using a vortex tube to generate a subzero air flow as described in Rahman and Mujumdar [9, 10] . A recent review by Claussen et al. [11] , describes the advantages of the AFD process. A vortex tube was used to supply the cold air for drying in laboratory scale experiments of AFD for fruits, fish, meat etc. [12] . The COP of vortex tube is much lower than a vapor compression cycle, which is the main drawback of this device. However, this is a cheap, compact and simple device which produces both heating and cooling effects simultaneously just using compressed air at moderate pressure. Therefore, this device can be used effectively in process environments like in AFD process, where heating and cooling outputs of vortex tube can be used concurrently; the hot stream can be used to supply the sublimation heat.
In this work results of a 3D CFD model are presented. It captures the aerodynamics and temperature separation effect in a commercial Maxwell-type vortex tube. Three different turbulence models were studied. An experimental setup was developed to compare the predicted results with experimental data.
Vortex Tube Geometry
The vortex tube of the 'Maxwell Demon' type was chosen to study the flow characteristics and temperature separation. A photograph with necessary dimension of the vortex tube is shown in Figure 1 . The 14.4 cm working tube length was used as the boundary geometry for the CFD model. The inlet and outlet cross-sectional areas of conical discharge nozzles for hot and cold airs are about 0.23 cm 2 and 0.07 cm 2 , 0.07 cm 2 and 0.12 cm 2 , respectively, while 0.07 cm 2 and 0.12 cm 2 for the cold air exits, respectively. The main part of the vortex tube called the generator plays an important role in generation of the cooler temperature. The generator consists of 6 rectangleshaped nozzles. The nozzles were oriented at an angle of 9o with respect to the tangent around the periphery of the generator. The width, length and height of each nozzle are 0.2 cm, 14.4 cm, and 0.73 cm, respectively. Lengths of the hot and cold tube are 11.5 cm and 2.9 cm, respectively. All the dimensions were measured using high precision digital slide calipers. The geometric dimensions of the vortex tube are summarized in Tab. 1.
Turbulence Model
In this study the Renormalization Group (RNG) version of the k-ε model, the RNG with swirl and the standard k-ε model were investigated for comparison. The RNG k-ε turbulence model is derived from the instantaneous Navier-Stokes equations using a mathematical technique called the renormalization group. The RNG k-ε model is similar in form to the standard k-ε model but includes the effect of swirl on the turbulence intensity and calculates, rather than assumes, a turbulent Prandtl number. The equations of the RNG k-ε model for turbulence energy and turbulence dissipation rate are given as follows [13] 
Here C ε1 , C ε2 , C ε3 and C ε4 are given by 1.42, 1.68, 0.0 or 1.42 and -0.387, respectively.
Solution Procedure
The computational domain of the vortex-tube flow system simulated is illustrated in Figure 2 . In the computation of Navier-stokes equations, energy equations are solved numerically by the finite-volume method together with the turbulence model equations. The commercial CFD code Fluent 6.2 [13] was used to solve the governing equations. Swirling components were activated in the swirl RNG k-ε turbulence model. The SIMPLE algorithm was selected for pressure-velocity de-coupling and iterations. The discretization of the governing equations is accomplished by a first-order upwind scheme. The air entering the tube is modeled as an ideal gas of constant specific heat capacity, thermal conductivity, and viscosity. The under-relaxation line by line iterative technique was used for solving the resultant linear equations. Due to the highly non-linear and coupling features of the governing equations for swirling flows, low under-relaxation factors e.g. 0.24, 0.24, 0.24, and 0.2 were used for pressure, momentum, turbulent kinetic energy and energy, respectively, to ensure the stability and convergence of the iterative calculation. The convergence criterion for the residual was set at 1x10
for all the equations.
Boundary Conditions
The key assumptions for all the computations of the vortextube flow are as follows: three dimensional, steady, subsonic flow inside the vortex tube, uniform fluid properties at the inlet and the fluid is an ideal gas. In the inlet region, stagnation boundary condition of the vortex tube with total pressure was in the range of 4 to 6 bar and total temperature of 300 K. The inlet consists of 6 discrete nozzles as in the experimental setup. The hot exit outlet is considered as an axial outlet as in the original vortex tube design. In the computational domain shown in Figure 2 , the air enters the vortex tube axially through the nozzles with a significant tangential velocity. Far field boundary layer is the recommended boundary condition at outlet for an ideal gas in turbulent flow. Therefore, far field boundary layer was adopted in this work at the cold and hot outlets. The vortex tube is well insulated. Therefore, in the present computations an adiabatic wall condition was applied along with no slip condition at the wall.
Grid Independence Study
To eliminate error due to coarseness of the grid, tests were carried out for different numbers of cells in the vortex tube. The variation of the key parameters such as static temperature for different cell volumes was investigated. Investigations of the mesh density showed that the model predictions are insensitive to the number of grids above 600,000. Therefore, a mesh consisting of 650,000 grid elements was used to produce the results shown in this paper.
Experimental Apparatus
A schematic of the layout of the experimental rig is shown in Figure 3 . It consists of a screw compressor, a vortex tube cooler, a micrometer, two clamping stand and a needle type thermoprobe made of T-type copper-constantan thermocouples (Omega, USA) The vortex tube cooler (Model 3240, Exair Corporation) with 0.82 kJ/s refrigeration capacity and air flow rate of 0.018876 m 3 /s was used to generate subzero temperature air. A thermoprobe was fixed to the lower end of the micrometer; it could be adjusted to any location along the horizontal direction in side the vortex tube by varying the position of the clamp. A micrometer was used to move and locate the thermoprobe along the vertical direction to any particular location in the vortex tube. A pressure regulator was used to control and measure the air pressure supplied to the vortex tube. A higher pressure flow provided lower subzero-temperature. The cold end of the vortex tube was selected to measure the temperature distribution, as it was convenient to insert the thermoprobe to any location at this end. A calibrated thermoprobe was inserted at two different locations 0.15 cm and 0.3 cm apart (Figure 4) close to the inlet nozzle. Two different inlet absolute pressures (3 bar and 4 bar) of the compressed air were chosen to obtain different subzero air temperatures. Prior to start of the measurement the experiment was running for several minutes to stabilize the air temperature at a preset pressure of the compressed air. Reproducibility of the experiment was measured to be within ±5%. The temperatures were recorded using a data logger (Hewlett Packard 34970A, USA). Figures 5 and 6 show the radial variations of the static temperature of the experimental and simulation results at two locations 0.3 cm and 0.15 cm from the inner side of the cold air outlet (Figure 4 ). An inlet air pressure of 4 bars (absolute) was used in experiment and in all the computations with four different turbulence models as noted earlier. The hot and cold air temperatures were observed near the periphery of the vortex tube and in the inner core of the air stream, respectively. A decreasing trend of the temperature variation was observed towards the inner core of the vortex tube, which agrees with the results of other investigators [2] . The maximum and minimum temperatures were found from the experimental results to be -5.80
Results and Discussion
• C and -15.26
• C, respectively, at an axial distance of 0.3 cm, while they were -3.31
• C and -15.63
• C, respectively, at 0.15 cm.
A comparison of the predicted temperature with experimental results is also shown in Figure 5 and Figure 6 . It is evident from the Figure 5 that the RNG k-epsilon model agrees well with the observed trend of temperature distribution as well as with the minimum and peak values of the temperature with the experimental data. The swirl RNG k-epsilon model, however, results in over-prediction. The standard k-epsilon and k-omega mode shows poor prediction of the experimental results, especially in terms of the distribution of temperature along the radial direction.
Figures 7 and 8 show a comparison between the experimental and simulation results at 3 bar absolute pressure at the same location to make the results more consistent. Only the swirl RNG k-epsilon and RNG k-epsilon models were selected for this case as it was previously observed that the standard k-epsilon and k-omega models are not suitable for prediction of the temperature distribution in a highly swirling flow of the type found in a vortex tube. From our experimental results the maximum hot air temperature near the periphery at the axial locations of 0.15 cm and 0.3 cm from inlet of the nozzle towards cold air exit of the vortex tube were found to be 3.5
• C and 5.8
• C, respectively; these results match well with both models. The minimum air temperatures were measured at the center of the inner air stream; they were -6.6
• C and -4. (Figure 9 ), both models show similar temperature variations in radius. However, according to the cold and hot air temperatures in the tube core and along the wall of the vortex tube, the RNG k-epsilon model shows a consistent prediction, but the swirl RNG k-epsilon model shows an underprediction. From above comparisons, it is evident that the RNG k-epsilon predictions are consistent with experimental data. The reason why the RNG k-epsilon model can achieve better agreement with our experimental data may be the effect of swirl on turbulence. Therefore, the RNG k-epsilon model was used in further computations to capture the strongly swirling complex flow along with the temperature characteristics inside the vortex tube.
Velocity field in the vortex tube
Figures 9 and 10 display the swirling flow along the radial direction at axial locations of 1.5 cm and 7 cm, respectively, from the inlet nozzle towards hot side of the vortex tube. A strong swirling flow was observed near the inlet nozzle as expected. The swirling flow gradually weakens as it moves towards the end of the hot air exit; this is well captured in Figure 10 . 
Temperature and Flow Fields
Temperature contours on the cold and hot sides of the vortex tube are shown in Figures 11 and 12 , at an axial distance of 0.2 cm (cold side) and 1.5 cm (hot side) from the inlet nozzle, respectively, at an inlet pressure of 5 bars absolute. As expected and seen in Figure 11 , the temperature increases from the inner core to the outer periphery. The inner core temperature is found to be about -53 Figure 12 at a location of 1.5 cm from the inlet nozzle towards the hot end of the vortex tube. To obtain the velocity magnitudes inside the vortex tube, CFD prediction is the only viable option, as it is very difficult to measure these complex three dimensionless turbulent velocity fields experimentally. Figures 13 and 14 show the contours of the velocity vectors at two locations inside the vortex tube. A high velocity (400 m/s) was observed in the central core in the cold end region at a distance of 0.2 cm from the inlet nozzle. This 
Energy Separation Mechanism
Contours of velocity vectors at different sections towards the hot air outlet are shown in Figure 15 , which shows that compressed gas flows tangentially into the tube; it expands and rotates in the vortex generation chamber. Consequently, vortex flows are generated and they travel along the tube. Figure 16 shows the velocity distribution at various locations from the inner end (near the inlet nozzle) towards hot air outlet along the radial direction. Total velocity magnitude (V ) of the compressed air decreases near the wall as it moves towards the hot outlet. The V near the inlet and hot air outlet was about 300 m/s and 50 m/s, respectively. However, the V in the inner region where the air is recirculated and moves towards the cold air outlet opposite to the outer flow increases from 30 m/s to 400 m/s. These phenomena are well captured and clearly visualized in the cross-sectional view along the vortex tube length as shown in Figure 17 . Due to friction between the gas and the tube inner surface, the angular velocity becomes low in the outer annular region and high in the inner region. Therefore, a free vortex is formed according to the law of constant angular momentum (ω 2 = tan ) in the outer region. It is exchanged with the forced vortex in the central core as the flow moves towards the cold air outlet. Such a solid body rotation tends to have a uniform angular velocity distribution (ω = tan )due to the viscous effect between adjacent fluid layers. On the other hand, pressure in the central core becomes lower than that in the outer region as shown in Figure 18 . This is due to the effect of the centrifugal force, and the central region is exposed to the ambient at the orifice side and blocked with the throttle valve at the opposite side. Thus the flow is reversed in the central core as a result of the inverse pressure gradient near the throttle valve, and the turbulence is intensified. Figures 19 and 20 show the occurrence of energy separation in the vortex tube. It shows that one air stream moves up and the other below it, both rotate in the same direction at the same angular velocity. That is, a fluid particle in the inner stream completes one rotation in the same time as a particle in the outer steam. However, because of the principle of conservation of angular momentum, the rotational speed of the smaller vortex is expected to increase. (The conservation principle is demonstrated by spinning skaters that can slow or speed up their spin by extending or drawing on their arms). However, in the vortex tube, the velocity of the inner vortex remains the same (Figure 16 ). Angular momentum is lost by the inner vortex. The energy that is lost shows up as heat in the outer vortex. Thus the outer vortex becomes warmer, and the inner vortex is cooled. The simulation results clearly conform to this explanation of the energy separation phenomena. (Figure 23 ), higher V was predicted at the cold and hot end outlet at higher inlet pressure. As explained earlier, a higher velocity magnitude causes higher losses of angular momentum from the inner vortex which in terns increases the amount of transfer of heat to the outer vortex. Therefore, higher energy separation is observed at higher inlet pressure. Figure 23 shows contours of V to demonstrate the effect of location of the strip inside the Exair vortex tube. In numerical simulations, two locations of the strip were considered; e.g. case 1) existing location of strip of the commercial vortex tube, which is 9 cm from the inlet or at the closer to the hot end exit, and case 2) strip is placed 7 cm from the inlet of vortex tube. Our numerical investigation was extended to observe and compare the vortex tube performance without the wall-mounted strip as well. Predicted results show higher velocity of magnitude at the current location of the strip (case 1). The V at the current particular location which is close to the exit of cold air outlet were found to be 400 m/s and 340 m/s for case 1 and case 2, respectively, while at hot air outlet of about 250 m/s and 120 m/s, respectively. Higher velocity causes higher energy separation as noted earlier. Without the strip poor performance occurs as far as the velocity magnitude is concerned. Therefore, our numerical prediction clearly demonstrates that the strip in the vortex tube is located at the right place for better performance of the tube.
Location of strip in tube

Conclusion
Numerical computations were carried out with a 3D-CFD model of a vortex tube.The model predictions with the RNG k-ε turbulence model were in closer agreement with measurements than those of the standard k-ε, k-omega and the swirl RNG k-ε turbulence models. The simulations captured well the temperature and flow field inside the vortex tube. The numerical model is also capable of predicting a temperature separation effect that is consistent with the observed behavior of the vortex tube. Predicted results show that energy separation occurs mainly due to transfer of loss of angular momentum as a form of heat from the inner vortex to the outer vortex. Results also revealed that the magnitude of energy separation increases as the inlet pressure increases. Finally, the current location of the strip inside the vortex tube was shown to be optimal and yields better energy separation effect. 
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